Background: Extracellular lysophosphatidic acid (LPA) species transmit signals via six different G protein-coupled receptors (LPAR1-6) and are indispensible for brain development and function of the nervous system. However, under neuroinflammatory conditions or brain damage, LPA levels increase, thereby inducing signaling cascades that counteract brain function. We describe a critical role for 1-oleyl-2-hydroxy-sn-glycero-3-phosphate (termed "LPA" throughout our study) in mediating a motile and pro-inflammatory microglial phenotype via LPAR5 that couples to protein kinase D (PKD)-mediated pathways.
Background
Microglia are resident immune cells of the central nervous system (CNS) [1] and are endowed with specific receptor sets that are able to detect subtle alterations of the finely tuned micromilieu in the CNS [2] . Even in the resting state, the dynamic microglial processes scan the CNS environment and respond to danger signals [3] . Microglia have been acknowledged to be key players under both physiological and pathological conditions [4] . They have diverse roles in the healthy brain, from sculpting developing neuronal circuits to guiding learning-associated plasticity, and numerous studies provide insights into their involvement in CNS disorders [5] . Neuronal injury results in the release of ATP, neurotransmitters, growth factors, cytokines, and changes in local ion homeostasis inducing microglial activation [6] .
Microglia regulate multiple aspects of inflammation, such as repair, regeneration, cytotoxicity, and immunosuppression, depending on their different activation states or phenotypes [7] . Depending on the signal encountered, microglia can activate various programs that determine the severity of the response [8] . These responses involve directed migration to the site of injury and subsequent release of numerous inflammatory mediators [9] . Within the simplified M1/M2 dichotomy, polarized M1 microglia produce pro-inflammatory cytokines and neurotoxic molecules, which contribute to dysfunction of neural network and promote inflammation, whereas polarized M2 microglia secrete anti-inflammatory mediators and neurotrophic factors that are involved in restoring homeostasis [7] . These differential responses are indicative of the ability of microglia to promote neuronal survival or degeneration [10] .
However, the situation is not clear-cut and the validity of the M1/M2 concept has been questioned [11] . Interestingly, some studies show that increased microglial activity can have controversial effects on disease pathology [12] . The mechanisms for microglial activation and their potential contributions to neuronal degeneration are a matter of debate, and knowledge regarding the molecular diversity of microglia in different disease settings is growing [4] . Recent studies have identified a novel microglial phenotype associated with neurodegenerative diseases [13] and uncovered pathways that regulate microglial functional phenotype in neurodegeneration [14] .
In response to pathological stimuli, microglia exhibit morphological changes and migrate towards the lesion site. Cell migration can be triggered by a diverse array of chemoattractants including peptides and proteins (e.g., chemokines), small hydrophilic molecules (e.g., nucleotides), and bioactive lipids. Among the latter class, lysophosphatidic acid (LPA) species have the capacity to act as extracellular signaling molecules by activation of downstream cascades via six different G protein-coupled receptors (GPCRs termed LPAR1-6) [15, 16] . These GPCRs couple to one or more of the four Gα proteins (G i/o , G 12/13 , G q , and G s ) that initiate downstream signaling cascades [16] . The CNS is under control of these pathways since LPA displays profound effects on brain capillary endothelial cells, neurons, and glial cells [17] . LPA induces the disruption of junctional complexes of brain endothelial cells [18, 19] , rapid growth cone collapse, and neurite retraction of mature neurons [20] . Mice lacking the Lpa1 gene show craniofacial defects and perinatal lethality due to impaired suckling behavior [21] and develop a fetal hydrocephalus [22] .
Several studies have suggested that glial cells are important target cells for LPA [23] [24] [25] . Rodent and human microglial cell lines express LPARs and respond to LPA [26, 27] . In the murine BV-2 microglial cell line, LPA elicits membrane hyperpolarization due to an activation of Ca 2 + -dependent K + currents [28] and Ca
2+
-activated K + channels are a requirement for LPA-dependent induction of microglial migration [29] . In addition to ion homeostasis, LPA controls microglial activation and energy homeostasis (human C13NJ cells) [27] , modulates oxidative stress response (murine BV-2 cell line) [30] , regulates the induction of chronic pain (in vivo and primary murine microglia) [31] , and interferes with pro-inflammatory cytokine production (BV-2) [32] .
Generally, under physiological conditions, LPAmediated signaling contributes to normal development and function of the CNS. However, in response to injury, LPA levels rise significantly in the brain and cerebrospinal fluid (CSF) [22, [33] [34] [35] [36] . LPA levels are elevated in the human (0.05 controls vs. 0.27 μM post injury) and mouse (0.8 and 2 μM, prior vs. post injury) CSF in response to traumatic brain injury [37] . LPA signaling initiates neuropathic pain [38] , where LPAR1 [39] and LPAR5 [40] contribute via independent mechanisms. Findings that LPAR5 is activated during nerve injury (but not under basal conditions) are consistent with the fact that LPA levels rise significantly in response to spinal cord injury [35, 36] . Demyelination in the injured spinal cord was (at least in part) ascribed to LPA-activated microglia [36] . Lysophosphatidylcholine injected intrathecally is converted to LPA via autotaxin (ATX)-mediated pathways and, in an LPAR3-dependent feed-forward loop, induces further endogenous synthesis of LPA [41] . It was suggested that within this setting, microglial activation is responsible for de novo LPA synthesis and concomitant development of neuropathic pain [42] . We have recently reported that LPAR5 transmits pro-inflammatory signals in murine BV-2 and neonatal primary murine microglia (PMM) [43] .
Many of the phenotypic responses of microglia towards LPA depend on intracellular phosphorylation events. LPAmediated pathways activate protein kinase D isoforms (PKD1-3) that are classified within the calcium/calmodulin-dependent protein kinase superfamily [44] . Among a multitude of cellular functions, PKD members regulate directed cell migration by controlling anterograde membrane trafficking [45] or by directly affecting actin organization at the leading edge [46, 47] and are important constituents of the secretory machinery [48] . In addition, PKD isoforms play an important role in inflammatory responses [49] . In a variety of cells, PKD induces NF-κB activation via GPCR agonists or oxidative stress [50] [51] [52] . Moreover, PKD1 has been reported to mediate hyperalgesia and maintain inflammatory heat hypersensitivity [53] .
Because our previous study revealed that BV-2 and PMM express high levels of LPAR5 [30] , we elucidated its role in microglial plasticity. Members of the PKD family are activated by GPCR ligands, including LPARs, and mediate an inflammatory response in the CNS [54] . Therefore, we hypothesized that LPAR5 downstream activation of the PKD pathway couples to LPA-mediated signaling events in microglia.
Methods

Materials
The cell culture medium RPMI 1640 and Dulbecco's modified Eagle's medium (DMEM), fetal calf serum (FCS), antibiotics, and trypsin were obtained from Invitrogen (Waltham, MA, USA). LPA (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate; LPA18:1) was from Sigma-Aldrich (St. Louis, MO, USA). The pharmacological LPAR5 antagonist [5-(3-chloro-4-cyclohexylphenyl)-1-(3-methoxyphenyl)-1H-pyrazole-3-carboxylic acid] (TCLPA5) was from Echelon Tocris (Bristol, UK). CRT0066101, a PKD family antagonist, was a generous gift from Dr. Christopher Ireson (Cancer Research Technology, London, UK). Anti-PKD 1 PKD1 and anti-phospho-PKD1 (pPKD1, Ser 744/748 ) rabbit antibodies were from Cell Signaling (Beverly, MA, USA), anti-PKD2 and anti-pPKD2 (Ser 848 ) rabbit antibodies were from Abcam (Cambridge, UK), and mouse anti-PKD3 antibody was from Santa Cruz (San Diego, CA, USA). Antibodies against cyclooxygenase-2 (COX-2) and arginase-1 (Arg-1; used only for western blotting) were from Cell Signaling (Beverly, MA, USA), and inducible nitric oxide synthase (iNOS) antibody was from BD Biosciences (San Jose, CA, USA). For immunofluorescence, the COX-2 and Arg-1 antibodies were from Santa Cruz (Dallas, TX, USA), and the antibodies against RELMα (FIZZ-1) and iNOS were from Abcam (Cambridge, UK). Anti-ionized calcium-binding adapter molecule 1 (Iba-1) was from Wako Chemicals (Neuss, Germany), and the CD11b antibody was from Novus Biologicals (Littleton, CO, USA). PE-CD40, APC-CD86, and PE-CD206 antibodies and their isotype controls were from e-Bioscience (San Diego, CA, USA). Antibodies against non-phosphorylated and phosphorylated mitogen-activated protein kinases ERK1/ERK2, p38 MAPK, JNK, and AKT, p65-NF-κB, c-Jun, STAT1, and STAT3 were from Cell Signaling (Beverly, MA, USA). Cyanine (Cy-2/Cy-3)-labeled antibodies were from GE Healthcare (Vienna, Austria). MISSION lentiviral transduction particles (shPKD1 and shPKD2), MISSION non-mammalian short hairpin RNA (shRNA) control transduction particles, poly-D-lysine (PDL) hydrobromide, FITC-conjugated tomato lectin, monoclonal anti-mouse β-actin (clone AC-74), and β-tubulin antibodies were from Sigma-Aldrich (St. Louis, MO, USA). All primers and kits used in qRT-PCR were from Qiagen (Hilden, Germany).
BV-2 culture
The murine microglial cell line BV-2 was from Banca Biologica e Cell Factory (Genoa, Italy). Cells were grown and maintained in the RPMI 1640 medium supplemented with 10% FCS, 1% penicillin, 1% streptomycin, and 10 ml Lglutamine (200 mM) at 37°C in a humidified incubator under 5% CO 2 and 95% air. The culture medium was changed to fresh medium every 2 or 3 days. When cells reached confluence, cells were split or used for experiments.
Primary microglial culture
PMM were isolated and purified from C57BL/6 cortices of neonatal (P0-P4) mice as previously described [43] . In brief, the brain cortices were isolated from the whole brain, stripped from their meninges, and minced with scissors into small pieces. Glial cells were separated by trypsinization (0.1% trypsin, 20 min, 37°C, 5% CO 2 ), and the cell suspension was cultured in 75-cm 2 tissue culture flasks precoated with 5 mg/ml PDL in DMEM containing 15% FCS, 1% penicillin/streptomycin, and 10 ml L-glutamine. After 3 days in culture, the medium was changed to fresh DMEM containing 10% FCS and cells were cultured for another 10 to 14 days. Microglia were removed from the mixed glial cell cultures by smacking the culture flasks 10-20 times and seeded onto PDL-coated cell culture plates for future use. The purity of PMM was determined by immunocytochemistry (using CD11b immunostaining or tomato lectin staining) and was always > 95%.
CATH.a neuron culture
Murine neuronal CATH.a cells (ATCC) were grown and maintained in the RPMI 1640 medium supplemented 10% horse serum, 5% FCS, 1% penicillin/streptomycin, 0.4% HEPES, and 0.2% sodium pyruvate at 37°C in a humidified incubator under 5% CO 2 and 95% air. The culture was maintained by transferring floating cells to additional flasks. When cells reached confluence, they were split into new flasks (subcultivation ratio of 1:4) using 0.12% trypsin without EDTA or used immediately for the experiments.
LPA treatment
Cells (BV-2 or PMM) were plated in 6-, 12-, or 24-well plates (PDL-coated in case of primary microglia) and allowed to adhere for 2-3 days. Cells were always incubated in serum-free medium overnight before the medium was changed to serum-free RPMI (BV-2) or DMEM (PMM) containing 0.1% fatty acid-free bovine serum albumin (BSA; control) or DMEM containing 0.1% BSA or LPA (1 μM). BSA was used as an LPA carrier. Aqueous LPA stock solutions (5 mM) were stored at − 70°C. Only freshly thawed stocks were used for the experiments.
Treatments with pharmacological inhibitors
TCLPA5 is a specific inhibitor for LPAR5 [55] , and CRT0066101 [56] is a PKD family inhibitor. CRT0066101 exhibits high selectivity for PKDs not interfering with the activity of a panel of > 90 protein kinases, including PKCα, MEK, ERK, c-Raf, and c-Src [56] . Both inhibitors were diluted in DMSO (stock concentrations 100 and 10 mM, respectively) and kept at − 20°C. TCLPA5 solutions are stated to be stable at − 20°C for a maximum of 40 days. During the experiments, TCLPA5 and CRT0066101 were used at a final concentration of 5 and 1 μM, respectively. Cells were preincubated with the antagonists as stated for each experiment.
Immunoblotting
BV-2 cells (seeded onto six-well plates at a density of 1 × 10 5 cells/well) or PMM (cultured on PDL-coated 12-well plates at a density of 5 × 10 5 cells/well) were used for analyses of PKD isoforms' expression and the phosphorylation state of PKDs, JNK, AKT, ERK1/ERK2, and p38 MAPK, p65-NF-κB, c-Jun, STAT1, and STAT3. Culture medium was removed, and cells were washed twice with ice-cold PBS. The cells were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.4), 1% NP-40, 150 mM NaCl, 1 mM Na 3 VO 4 , 1 mM NaF, 1 mM EDTA) containing protease inhibitors (aprotinin, leupeptin, pepstatin, 1 μg/ml each; Sigma-Aldrich), 10 μM PMSF, and phosphatase inhibitor cocktail (Thermo Scientific, Waltham, MA, USA) and then scraped and centrifuged at 13,000 rpm for 10 min. Protein content was determined using the BCA kit (Thermo Scientific) and BSA as standard. Protein samples (100 μg) were separated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% low-fat milk in Tris-buffered saline containing Tween 20 (TBST) for 2 h at room temperature (RT) and incubated with the primary antibodies overnight with gentle shaking at 4°C. After removal of primary antibodies, the membranes were washed for 30 min in TBST and incubated for 2 h at RT with anti-rabbit (1:10,000) or anti-mouse (1:5000) as secondary antibodies. Following three washing steps with TBST for 1 h, immunoreactive bands were visualized using ECL or ECL plus reagents and detected with a chemiluminescence detection system (ChemiDoc; Bio-Rad, Berkeley, CA, USA). In some cases, the membranes were stripped using a stripping buffer (140 μl β-mercaptoethanol in 20 ml of 60 mM Tris/2% SDS (pH 6.8) buffer) under gentle shaking for 30 min at 50°C in a water bath, washed for 1 h in TBST, blocked with 5% low-fat milk in TBST for 1 h at room temperature, and probed with the pan antibodies for PKD1, PKD2, JNK, AKT, ERK1/ERK2, and p38 MAPK, p65-NF-κB, c-Jun, STAT1, and STAT3. β-actin or β-tubulin was used as loading controls.
Immunofluorescence
Double immunofluorescence was carried out in BV-2 and PMM. Cells were seeded in chamber slides (PDLcoated in case of primary cells) at a density of 1.5 × 10 4 and 3 × 10 4 cells/well, respectively. Cells were serum-starved overnight and incubated in the absence or presence of LPA or LPA plus inhibitors as indicated. Cells were washed with prewarmed PBS, fixed with paraformaldehyde (4% in 0.1 M PBS) for 15 min, and permeabilized with 0.5% Triton X-100/PBS for 10 min at 25°C. Following three washing steps with PBS, cells were incubated with blocking buffer (Thermo Scientific, Waltham, MA, USA) for 1 h at 4°C and incubated with the primary antibody (1:50) overnight at 4°C. The slides were then washed with PBS and incubated with fluorescently labeled secondary antibody (1:200) for 30 min. All slides were washed three times with PBS stained with Hoechst 33342 (Invitrogen, Waltham, MA, USA) and mounted using a mounting medium (Dako, Vienna, Austria). Confocal fluorescence microscopy imaging was performed using a Leitz/Leica TCSSP2 microscope (Leica Lasertechnik GmbH, Heidelberg, Germany). Quantitation of fluorescence intensity and morphological analysis were performed with ImageJ. At least 50 cells out of three different areas per chamber were analyzed.
Lentiviral transduction (shRNA)
PMM were cultured on PDL-coated 24-well plates at a density of 1.2 × 10 5 cells/well. Polybrene (8 μg/ml) solution and viral particles (multiplicity of infection = 2) were added onto cultured microglia. We used shRNA control transduction lentiviral particles and PKD1-specific (shPKD1 NM_008858, clone ID: TRCN0000024007, sequence:
CCGGCCTTCAGCTTTAACTCCCGTTCTC-GAGAACGGGAGTTAAAGCTGAAGGTTTTT) and PKD2-specific (shPKD2 NM_178900, clone ID: TRCN0000322346, sequence: CCGGGTACGACAA-GATCCTGCTCTTCTCGAGAAGAGCAG-GATCTTGTCGTACTTTTTG) constructs. After 12 h of treatment with the shRNA control transduction particles and the PKD1 and PKD2 silencing constructs, the medium was replaced by a prewarmed conditioned medium prepared from mixed glial cultures after centrifugation and filtration through a 0.45-μm filter. Cells were kept at 37°C/5% CO 2 for 72 h and collected to validate silencing efficacy by qPCR or to proceed with the experiments described below.
Time-lapse microscopy BV-2 cells and PMM were seeded onto 24-well plates at a density of 2 × 10 4 and 5 × 10 4 cells/well, respectively. Cells were cultured in serum-free medium overnight and then treated with the indicated concentrations of LPA, with LPA plus DMSO (to account for vehicle effects), or with 1 μM LPA in the absence or presence of TCLPA5 (5 μM) or CRT0066101 (1 μM). Control cells were incubated in serum-free medium in the absence or presence of DMSO (negative controls) or treated with N-arachidonylglycine (NAGly; 1 μM; SigmaAldrich).
For silencing experiments, PMM (non-transduced or transduced with lentiviral particles containing shscrambled, shPKD1 or shPKD2) were cultured on PDL-coated 24-well plates at a density of 1.2 × 10 5 cells/well. After transduction, the cells were incubated in serum-free medium in the absence or presence of LPA (1 μM).
Images were acquired every 20 min for 24 h at five different positions of each well using a Zeiss Cell Observer microscope. Data analysis was carried out using ImageJ. Image intensity correction was achieved by correcting each image median value to 125 (8-bit images have a resolution of 255-Gy levels). Image stabilization was achieved using the Lucas-Kanade method with a macro for ImageJ (K. Li, "The image stabilizer plugin for ImageJ" http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html; ® Kang Li) to correct for changes in position due to mechanical tolerances in the microscope stage. Equalization of low-frequency variations in the background signal of the image using an FFT bandpass filtering and reducing low-and high-frequency changes in the images (low-frequency filter set to 40 pixels and high-frequency filter set to 6 pixels) enabled simple thresholding of the images. After thresholding, which allowed object selection, a Gaussian blur was applied. The resulting TIFF images were analyzed using ImageJ inherent functions. The ImageJ Manual Tracking plug-in was used to manually track the cells. In random, a minimum of 20 viable cells per condition was selected and followed. Using the ImageJ Chemotaxis and Migration Tool plug-in, the accumulated distance (the total cell path traveled by the cell), the Euclidean distance (the distance between the start and end points), and cell velocity were calculated. Experiments were repeated at least two times.
xCELLigence migration assay BV-2 cells were cultured in six-well plates at a density of 3 × 10 5 cells/well and incubated in serum-free RPMI or pretreated with TCLPA5 (5 μM) or CRT0066101 (1 μM) for 3 h. Chemotaxis assays were carried out using CIM-16 well plates and an xCELLigence RTCA-DP instrument (Roche Diagnostics, West Sussex, UK). LPA solutions were prepared at the desired concentrations, and 160 μl of them was loaded in the lower wells of the CIM-16 plate. NAGly and serum-free medium served as positive and negative chemotaxis controls, respectively.
Following upper chamber attachment, the upper wells were first filled with 50 μl of prewarmed serumfree medium and the plate was left at RT for 30 min to pre-equilibrate. Cultured cells were trypsinized and resuspended in serum-free medium in the absence or presence of TCLPA5 (5 μM) or CRT0066101 (1 μM). Fifty microliters of the cell suspensions (containing 3 × 10 4 cells) was placed into the upper wells. The plate was transferred to the RTCA-DP instrument, and data were collected every 5 min over 24 h. As 5 cells/well) were incubated in serum-free medium overnight and then treated with LPA (1 μM), LPA plus DMSO, LPA plus TCLPA5 (5 μM), or LPA plus CRT0066101 (1 μM). As negative controls, cells were incubated in serum-free medium in the presence of 0.1% BSA or DMSO. Total RNA was extracted using the RNeasy Mini or RNeasy Micro kit, respectively (Qiagen, Hilden, Germany), and quantitated using NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). RNA was reverse-transcribed using the SuperScript ® III reverse transcription kit (Invitrogen, Waltham, MA, USA). qPCR was performed on an Applied Biosystems 7900HT Fast Real-Time PCR System using the QuantiTect SYBR ® Green PCR kit (Qiagen, Hilden, Germany). Amplification of murine hypoxanthine-guanine phosphoribosyltransferase (HPRT) was performed on all samples as internal control for variations in messenger RNA (mRNA) concentration. Expression profiles and associated statistical parameters were analyzed using the relative expression software tool (REST; http://www.gene-quantification.de/rest-index.html) using a pairwise re-allocation test. Gene-specific primers were purchased from Qiagen, and the primer sequences of target genes are listed in Table 1. ELISA IL-1β, TNF-α, IL-6, CCL5 (RANTES), CXCL2 (MIP-2), and CXCL10 (IP-10) concentrations in the cellular supernatants were quantitated using the murine ELISA development kits (PeproTech, NJ, USA) [43] . Briefly, BV-2 and PMM were seeded in triplicate onto 12-well and PDLcoated 24-well plates at a density of 5 × 10 4 and 2.5 × 10 5 cells/well, respectively. After overnight serum starvation, cells were incubated in serum-free medium containing LPA (1 μM) in the absence or presence of the antagonists for the indicated time periods. For each time point, the supernatants were collected and kept at − 70°C until further use.
The assays were performed according to the manufacturer's instructions. Standard curves for each ELISA were done in triplicates. The concentrations of the cytokines and chemokines were determined using the external standard curve. 3 Intracellular trafficking of PKD1 and PKD2 in response to LPA. a BV-2 cells were cultured on chamber slides, serum-starved overnight, and incubated in the presence of 0.1% BSA (control) or LPA (1 μM) for 24 h. Cells were fixed, permeabilized, blocked, and stained for tubulin, PKD2, and nuclei (Hoechst). b, c PMM were cultured on chamber slides and serum-starved overnight. Cells were incubated in the presence of 0.1% BSA (control) or LPA (1 μM) for 24 h and stained with tomato lectin, b PKD1 or c PKD2 antibodies, and nuclei (Hoechst). Images were obtained using a Leica confocal microscope. Scale bars = 20 μm Total nitric oxide assay iNOS activity was assessed indirectly using the total nitric oxide assay kit (Enzo Life Sciences, Switzerland). In this Griess assay, nitrate is reduced to nitrite by means of nitrate reductase. The accumulated total nitrate levels were measured in the supernatant of cells that were incubated in serumfree medium, containing LPA in the absence or presence of the antagonists for 24 or 48 h. Fifty microliters of the supernatant from each sample was processed according to the manufacturer's protocol. The total nitrate concentration per sample was determined using the external calibration curve (0-100 μM nitrate).
Measurement of carboxy-H 2 DCFDA oxidation
Intracellular reactive oxygen species (ROS) levels were measured using the DCFDA cellular ROS detection kit (Abcam, Cambridge, UK). After internalization and subsequent hydrolysis, the redox indicator probe carboxy-H 2 DCFDA is converted to carboxy-H 2 DCF, which, in the presence of oxidant species, is converted to fluorescent carboxy-DCF [57] . BV-2 cells were seeded in black clear-bottom 96-well plates at a density of 5 × 10 4 cells/well [43] . Cells were allowed to adhere overnight and then incubated with 20 μM DCFDA for 40 min at 37°C in the dark. The solution was removed, and the cells were incubated in serumfree medium, containing LPA in the absence or presence of the antagonists for 3 and 6 h. Fluorescence intensity was measured with excitation and emission wavelengths of 485 and 535 nm, respectively. 5 cells/well and allowed to adhere. Following overnight serum starvation, the cells were incubated with the supernatants collected from the abovementioned BV-2 cells. Three wells containing only the medium without cells were used for background control. In order to measure maximum and spontaneous release, cells were incubated with 10% Triton X-100 and assay buffer, respectively. Cells were kept at 37°C (5% CO 2 ) for 24 h, and then the plate was centrifuged at 1300 rpm for 5 min. One hundred microliters of the supernatants was transferred to a new 96-well plate, and 100 μl of LDH reaction solution was added to each well. The plate was incubated at 37°C (5% CO 2 ) for 30 min under gentle shaking, and the absorbance at 490 nm was measured using a plate reader.
Statistical analysis
All experiments were performed using three or four replicates per experimental group and repeated three times (unless otherwise stated). For statistical analysis, data obtained from independent measurements are presented as mean + SD or mean + SEM as indicated in the figure legend. Statistical tests were performed using the GraphPad Prism (version 5.0a) for Mac (GraphPad Software, Inc., San Diego, CA, USA). Data were analyzed by oneway ANOVA followed by the Bonferroni post hoc test or unpaired Student's t test. In the case of qPCR experiments, the expression profiles and associated statistical parameters were analyzed using the REST (http:// www.gene-quantification.de/rest-index.html) using a pairwise re-allocation test. Values of p < 0.05 were considered significant, unless otherwise stated.
Results
LPA activates the MAPK and AKT pathways via LPAR5/ PKD signaling in microglia
PKD expression analysis in BV-2 and PMM by qPCR revealed that BV-2 cells express PKD2 and PKD3 ( Fig. 1a; with mean Ct values: PKD2 25.8 and PKD3 24.9), while PMM express mRNA for all three PKD family members ( Fig. 1b; mean Ct values: PKD1 29.0, PKD2 26.9, and PKD3 24.9). PKD1-3 protein was detected in mouse brain lysates, in the cortex, and in PMM. In line with mRNA data, protein expression levels of only PKD2 and PKD3 were detected in BV-2 cells (Fig. 1c) .
In BV-2 cells, LPA induced phosphorylation of PKD2, JNK, AKT, ERK1/ERK2, and p38 MAPK (Additional file 1: Figure S1 ). Preincubation with TCLPA5 (an LPAR5 inhibitor) (0.5-8 h) prior to subsequent treatment with LPA (1 μM) in the presence of the inhibitor revealed that the antagonist suppressed activation of downstream signaling proteins (Additional file 1: Figure S1A ) that regulate microglial function. Bar graphs in Additional file 1: Figure S1B represent densitometric evaluation of the western blots. Inhibition of PKD isoforms with CRT0066101 (a PKD family inhibitor) suppressed the LPA-induced activation of PKD2, JNK, AKT, ERK1/ ERK2, and p38 MAPK (Additional file 2: Figure S2A ). Densitometric evaluation is shown in Additional file 2: Figure S2B .
In PMM, activation of PKD1 and PKD2 was observed after 10 min, reached a maximum after 20 min, and then decreased (Fig. 2) . This PKD activation pattern correlated with the time course of JNK, AKT, ERK1/ERK2, and p38 MAPK phosphorylation (data not shown). In the presence of TCLPA5 or CRT0066101, phosphorylation of PKD1 and PKD2, JNK, AKT, ERK1/ERK2, and Fig. 6 Effect of LPA treatment on pro-migratory, pro-invasive, and pro-angiogenic gene expression. PMM were seeded onto 24-well plates, serum-starved overnight, and treated with 0.1% BSA (control) or LPA (1 μM). At the indicated time points, RNA was isolated, reverse-transcribed, and analyzed by qPCR. Expression ratios were normalized to HPRT. Results of three separate experiments in triplicate are expressed as mean + SD (*p < 0.05, ***p < 0.001; REST; pairwise re-allocation test) p38 MAPK was significantly attenuated (Fig. 2a) . Bar graphs in Fig. 2b represent densitometric evaluation.
PKDs translocate between different cellular compartments to be able to fulfill their functions in response to activation [58] . Therefore, we studied subcellular localization of endogenous PKD in BV-2 cells and PMM in response to LPA. In unstimulated BV-2 cells, tubulin and PKD2 was detected mainly at perinuclear areas (Fig. 3a, upper panel) . After LPA stimulation (Fig. 3a,  lower panel) , cell area increased and induced the formation of new tubulin-positive plasma membrane protrusions, likely lamellipodia. PKD2 translocated to newly formed tubulin-positive membrane projections (Fig. 3a, lower panel) .
In untreated PMM, PKD1 shows nuclear and cytosolic (in cellular protrusions/extensions) staining (Fig. 3b, upper  panel) . In response to LPA, PMM acquired a flattened morphology (tomato lectin staining) and a major part of originally cytosolic PKD1 translocated to the nucleus (Fig. 3b, lower panel) . In contrast, PKD2 translocation in response to LPA is less pronounced in PMM (Fig. 3c) . No nuclear PKD2 staining was observed in untreated or LPA- Fig. 7 LPA controls the expression of pro-migratory, pro-invasive, and pro-angiogenic genes via the LPA/LPAR5/PKD axis. PMM were cultured in 24-well plates, serum-starved overnight, and treated with DMSO, DMSO plus LPA (1 μM), and LPA (1 μM) plus TCLPA5 (5 μM) or CRT (1 μM). At the indicated time points, cells were scraped, RNA was isolated and reverse-transcribed, and the gene products indicated were analyzed by qPCR. Expression ratios were normalized to HPRT expression. Results of three separate experiments performed in triplicate are expressed as mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001, compared to vehicle control; treated cells. In the absence of LPA, the majority of PKD2 was detected in membrane protrusions and as diffuse staining in the cytosol (Fig. 3c, upper panel) . In response to LPA, PKD2 was (as in untreated cells) still detected in the cytosol (Fig. 3c, lower panel) .
The LPAR5/PKD axis controls the activation of pro-inflammatory transcription factors
During earlier work, we unraveled LPAR5 as a critical receptor that controls an LPA-induced pro-inflammatory microglial phenotype [43] ; here, we determined downstream signaling pathways that are activated by LPAR5. These experiments indicated that LPA induced phosphorylation of IKK, IκB, p65-NF-κB, STAT1, STAT3, and c-Jun in BV-2 cells (Additional file 3: Figure S3A ). Pharmacological inhibition of LPAR5 and PKD1-3 by TCLPA5 and CRT0066101, respectively, attenuated phosphorylation of all transcription factors analyzed (Additional files 4 and 5: Figures S4 and S5) . In primary microglia, phosphorylation of p65-NF-κB, STAT1, STAT3, and c-Jun was detectable after 2 or 8 h and gradually declined afterwards (Fig. 4a) . Phosphorylation of p65-NF-κB remained upregulated until 24 h post LPA treatment. Inhibition of LPAR5 and PKD1-3 effectively mitigated transcription factor phosphorylation at both time points analyzed (Fig. 5) .
Transcriptional regulation of pro-migratory, pro-invasive, and pro-angiogenic factors after LPA treatment Following a chemotactic signal, microglia migrate towards the site of lesion and activate transcriptional programs that result in phenotypic transformation. We chose to analyze the effect of LPA on a selected set of migration/invasion-related genes in PMM in the absence or presence of the LPAR5/PKD inhibitors. Two hours post LPA (1 μM) treatment, Mmp9, Mmp14, Wasf2, and Vegfa gene expression was upregulated. At 8 h, Itga5, Vasp, Wasf2, and Vegfa were increased more than twofold and returned to or below baseline after 24 h (Fig. 6 ). Inhibitor studies revealed that both TCLPA5 and CRT0066101 reversed the effects of LPA on Itga5, Itgav, Mmp9, Mmp14, Vasp, Wasf2, and Vegfa expression (Fig. 7) .
LPA induces cytoskeletal and morphological rearrangements
In the presence of LPA, BV-2 cells (Fig. 8a) and PMM (Fig. 8b ) changed morphology. This transformation was associated with increased cell area, cell perimeter, and Iba-1 fluorescence intensity (bar graphs in Fig. 8 ). LPAR5 antagonism by TCLPA5 significantly attenuated LPA-mediated morphological alterations and Iba-1 fluorescence in both BV-2 and primary microglia (Fig. 9a, b) . In line with biological functions in other cells, the pan PKD antagonist CRT0066101 repressed the morphological transformation of both cell types (Fig. 9a, b) . These data indicate that LPAR5 acts as a sensor and at least one member of the PKD family acts as a transducer of LPA-mediated signals that impact microglial morphology and activation.
The migratory response of microglia is under LPAR5 and PKD control
Having established activation of signaling cascades that are potential drivers of cell locomotion and morphological transition, we examined the impact of LPA on microglial chemokinesis and chemotaxis. Using time-lapse video microscopy, we analyzed the tracks of individual control and LPA-treated BV-2 cells (Fig. 10a) . The concentration-dependent migrational response of BV-2 cells to LPA (Fig. 10b) is bellshaped, reaching a maximum at 1 μM and returning almost to baseline at 5 μM of LPA. The mean velocity of unstimulated cells was 0.6 μm/min and increased twofold in response to 1 μM LPA (Fig. 10b) . The total accumulated migration distance increased twofold (Fig. 10c, control vs. 1 μM LPA) , and the Euclidean distance increased threefold (Fig. 10d, control  vs. 1 μM LPA) .
Chemotaxis experiments were performed in real time using the xCELLigence system. Migration of serum-starved cells across uncoated CIM plates was studied in the absence or presence of LPA in the lower chamber of the Transwell inserts. NAGly that drives migration through GPR18 [59] was used as positive control. LPA induced directional migration at 0.5 and 1 μM LPA as compared to controls (Fig. 10e) . LPA at 2 μM had no effect on directional migration. NAGly induced a twofold higher increase in migration as observed for 1 μM LPA (Fig. 10e) . PMM also responded to LPA with increased chemokinesis. Tracks of primary cells studied in the absence (left panel) or presence (right panel) of LPA are shown in Fig. 10f . LPA treatment increased cell velocity (2-fold) (See figure on previous page.) Fig. 8 LPA alters BV-2 and PMM morphology. a BV-2 and b PMM were cultured on Permanox slides and serum-starved overnight prior LPA treatment (1 μM; 24 h). Cells were incubated with rabbit anti-mouse Iba-1 antibody (1:100) and Cy-3-labeled secondary goat anti-rabbit antibody (1:200), mounted, and examined by a Leica confocal microscope. Representative micrographs depict morphological changes upon LPA treatment. Morphological analysis (cell area and perimeter) and analysis of Iba-1 fluorescence intensity were performed using ImageJ (right panels). At least 50 cells out of three different areas per chamber were measured in two independent experiments. The results are presented as mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student's t test). Scale bars (phase contrast) = 200 μm; scale bars (Iba-1) = 20 μm Fig. 9 Inhibition of LPAR5 and PKD reverses the LPA-induced morphological changes in microglial cells. a BV-2 and b PMM were cultured on chamber slides, serum-starved overnight, and treated with DMSO, DMSO plus LPA (1 μM), and LPA (1 μM) plus TCLPA5 (5 μM) or CRT (1 μM) for 24 h. Cells were fixed, permeabilized, blocked, and incubated with rabbit anti-mouse Iba-1 antibody (1:100) and, subsequently, with Cy-3-labeled secondary goat anti-rabbit antibody (1:200) . Images were acquired with a Leica confocal microscope. Morphological analysis and analysis of Iba-1 fluorescence intensity were performed using ImageJ. At least 50 cells out of three different areas per chamber were measured (two independent experiments), and quantitative results are shown as bar graphs below fluorescence images. The results are presented as mean + SEM (*p < 0.05, ***p < 0.001, compared to DMSO-treated cells; ## p < 0.01, ### p < 0.001, LPA plus TCLPA5 or CRT versus LPA only; unpaired Student's t test). Scale bars = 20 μm as well as accumulated (1.8-fold) and Euclidean (1.5-fold) distances (Fig. 10g-i) .
Pharmacological antagonism of LPAR5 or PKD by TCLPA5 or CRT0066101 effectively attenuated chemokinesis of BV-2 cells (Fig. 11a-c) . Chemotaxis experiments using BV-2 in the xCELLigence system (Fig. 11d) revealed that both inhibitors decreased migration to the lower chamber. Statistical evaluation of relative impedance values (24-h LPA treatment) is shown in Fig. 11e . Both TCLPA5 and CRT0066101 decreased chemokinetic parameters of PMM back to baseline values (Fig. 11f-h) .
To be able to differentiate between effects mediated by PKD1 and/or PKD2 on the migration of PMM, we chose an shRNA approach. Silencing of PKD1 and PKD2 was efficient (in comparison to PMM transduced with scrambled shRNA, levels were reduced by 80 and 60%, respectively), and no effect on the nontargeted isoform was observed (Fig. 12a) . Stimulation of scr-shRNA-transduced cells with LPA resulted in increased chemokinesis (Fig. 12b-d) . Silencing of PKD1 had no effect, while PKD2 silencing resulted in complete inhibition of chemokinesis. Next, we sought to examine the impact of PKD1/PKD2 silencing on the selected set of migration/invasion-related genes. We observed that only two (Wasf2 and Vegfa) out of the seven LPA-upregulated genes (Fig. 6) were differentially affected by PKD1 and PKD2 silencing: PKD1 silencing had no significant effects on Wasf2 and Vegfa expression, while PKD2 silencing reduced the expression of both genes to or below baseline levels (Fig. 12e) .
PKD inhibition blunts secretion of cytokines and chemokines
We have previously shown that LPA induces cytokine and chemokine secretion in microglia in an LPAR5-dependent manner [43] . Here, we show that IL-6, CXCL10, TNF-α, CXCL2, IL-1β, and CCL5 secretion was upregulated by LPA in BV-2 cells and significantly reduced by CRT0066101 (Additional file 6: Figure S6 ). Similar effects were observed in primary microglia (Fig. 13) .
PKD inhibition decreases LPA-induced expression of proinflammatory markers and microglial neurotoxicity
We performed immunofluorescence staining and analysis using confocal microscopy (Fig. 14) . These experiments revealed induction of iNOS and COX-2 in response to LPA (1 μM; 24 h), while the M2 markers Arg-1 and RELMα were decreased. Pretreatment with CRT0066101 attenuated iNOS and COX-2 expression whereas Arg-1 and RELMα levels were slightly increased (Fig. 14, bar graphs) . Immunoblotting experiments supported the abovementioned results. Treatment with CRT0066101 reduced LPA-dependent COX-2 expression and increased expression of the M2 marker Arg-1 (Fig. 15a) . Bar graphs represent densitometric evaluation of immunoreactive bands of three independent experiments (Fig. 15a, right panel) . Using flow cytometry, we then analyzed the expression pattern of different surface markers in LPA-stimulated BV-2 cells in the absence or presence of CRT0066101. As shown in Fig. 15b , PKD inhibition abrogated LPAinduced CD40 and CD86 expression, whereas CD206 levels were unaffected at all time points investigated (Fig. 15b) .
We further examined the impact of CRT0066101 on ROS and nitric oxide (NO) production in BV-2 cells. LPA increased ROS and NO concentrations, while both were significantly reduced by PKD antagonism (Fig. 15c, d) . Finally, we determined potential neurotoxicity of the LPA-induced BV-2 secretome. CATH.a neurons were incubated with conditioned media collected from LPA-treated (in the absence or presence of TCLPA5 or CRT0066101) BV-2 cells. Neuronal cell death was quantified using an LDH activity kit. BV-2 medium collected from LPA-stimulated cells was cytotoxic for CATH.a neurons as evident from the fourfold increase in LDH activity (Fig. 15e ). In contrast, the medium obtained from LPA-treated microglia in the presence of LPAR5 or PKD inhibitor did not affect neuronal viability.
Discussion
Microglia are versatile players in both inflammatory and physiological conditions and must exhibit plasticity towards (See figure on previous page.) Fig. 10 LPA induces microglial chemokinesis and chemotaxis. a BV-2 cells were cultured in 24-well plates, serum-starved overnight, and incubated with 0.1% BSA or with different LPA concentrations for 24 h. Migration was analyzed by time-lapse microscopy. b Velocity, c accumulated distance, and d Euclidean distance of at least 20 cells per sample were determined by ImageJ. e Chemotaxis was analyzed using the xCELLigence system. Serum-starved cells were allowed to migrate across uncoated Transwell inserts (CIM plates) for 24 h. Chemotaxis [0.1% BSA or LPA (1 μM) added to the lower compartment] was followed in real time by continuous electrical impedance measurement. NAGly (1 μM) was used as positive migration control. f PMM were cultured on PDL-coated 24-well plates, serum-starved overnight, and treated with 0.1% BSA or LPA (1 μM). Time-lapse microscopy was used to analyze 2D migration of at least 20 viable cells per sample per condition. g Velocity, h accumulated distance, and i Euclidean distance were determined using ImageJ. For BV-2 cells, results from three independent experiments performed in triplicate were expressed as mean + SD (**p < 0.01, ***p < 0.001; one-way ANOVA with the Bonferroni correction LPA-treated versus untreated). For PMM, the results from two experiments in triplicate are shown as mean + SEM (*p < 0.05, ***p < 0.001; unpaired Student's t test) extracellular signals to be able to maintain CNS homeostasis. Microglial dysfunction and neuroinflammation are implicated in the initiation and progression of many neurological diseases [60] [61] [62] . LPA levels increase under inflammatory conditions and in response to brain injury [63] [64] [65] and can be manipulated via ATX inhibition or lipid phosphate phosphatase-mediated degradation [66, 67] . Prenatal exposure to elevated LPA levels and dysregulated LPA signaling may have chronic effects and can be prevented through inhibition of different LPARs [16, 68, 69] . LPA signaling drives diverse physiological and pathophysiological processes within the nervous system [69] and might play an Fig. 11 LPAR5 and PKD family control the chemotactic response of microglia. BV-2 microglial cells were cultured in a 24-well plate, serum-starved overnight, and treated with DMSO, DMSO plus LPA (1 μM), and LPA (1 μM) plus TCLPA5 (5 μM) or CRT (1 μM). a Velocity, b accumulated distance, and c Euclidean distance were determined using time-lapse microscopy. d, e Serum-starved BV-2 cells were incubated with LPA in the absence or presence of the indicated antagonists and allowed to migrate across Transwell inserts (CIM plates) for 24 h. Real-time cell migration was monitored using the xCELLigence system. f-h PMM were cultured in PDL-coated 24-well plates, serum-starved overnight, and treated with DMSO, DMSO plus LPA (1 μM), and LPA (1 μM) plus TCLPA5 (5 μM) or CRT (1 μM). f Velocity, g accumulated distance, and h Euclidean distance were analyzed by time-lapse microscopy. For BV-2 cells, results from three independent experiments performed in triplicate are presented as mean + SD (***p < 0.001, compared to DMSO; important role as a mediator of microglial activation in response to CNS injury. Of note, a recent study describes a newly developed LPAR5 antagonist (AS2717638) that exhibits potent analgesic effects against neuropathic and inflammatory pain in rodent models [70] . In this context, our data identify a critical role for LPA-induced signaling events that provide a go signal via the LPA/LPAR5/PKD axis in microglia. Here, we present evidence that exogenous LPA alters signaling, transcription factor phosphorylation, morphology, locomotion, inflammatory response, and neurotoxicity of microglia via PKD-mediated signaling pathways. These findings demonstrate that the PKD pathway couples LPAR5 signaling to a motile and inflammatory microglial phenotype.
PKD isoforms are key mediators of stress signals and, as such, impact a variety of signaling pathways and cellular functions including actin remodeling, vesicle trafficking, and exocytosis, cell motility, survival, and gene transcription [71] . They are new players among the signaling proteins that control nervous system function and regulate neuropathic pain transmission, neuronal polarity, and associative learning in Caenorhabditis elegans [72] . PKD members are recruited to different subcellular compartments in response to activation [49, 73] . LPA treatment of BV-2 cells and PMM induced altered intracellular trafficking of PKD2 and/or PKD1. In BV-2 cells, LPA induced a pronounced relocation of PKD2 from perinuclear localization to newly formed membrane protrusions. Whether this is an indication for PKD-dependent actin remodeling as reported for PKD1 [74] is currently unclear. In LPA-treated primary microglia, PKD2 showed a perinuclear and cytoplasmic distribution. It has been demonstrated that the regulation of PKD2 trafficking is distinct from other PKD isoforms and PKD2 activation did not induce its redistribution from the cytoplasm to the nucleus [75] . In PMM, a major part of originally cytosolic PKD1 undergoes translocation to the nuclear compartment in response to LPA. This is in line with results reported for fibroblasts and epithelial cells, where cell stimulation with GPCR agonists resulted in nuclear accumulation of PKD1 that was prevented by inhibiting PKC activation [76] .
Our results demonstrate that exogenous LPA induced activation of the PKD, MAPK, and AKT pathways, as well as phosphorylation of NF-κB, STAT1, STAT3, and c-Jun in a CRT0066101-sensitive manner both in BV-2 and PMM. All of these signaling pathways were reported to be involved in microglial polarization [77] and chemotaxis [78] . These findings indicate a sensor function for LPAR5 that transmits intracellular signals via PKD isoforms. This coincides with reports by other groups demonstrating ERK1/ERK2 activation via PKD-mediated phosphorylation of Ras and Rab interactor 1 [79] . Both p38 MAPK and JNK are also downstream targets of PKDs since PKD1 silencing attenuates p38 MAPK and JNK activation [80] , and we have previously shown that AKT activation is under control of PKD2 [81] . In addition, PKD isoforms directly activate the NF-κB pathway: In HeLa cells, PKD1 activates NF-κB via oxidative stress signaling [82] , while PKD2 supports the pIKKβ degradation pathway, and PKD3 is responsible for p65 phosphorylation of NF-κB in prostate cancer cells [83] . In mast cells, PKDs play a pivotal role in FcεRI-induced cytokine production through transcription factor activation including c-Jun [84] . Whether or not STAT activation can occur via PKDmediated pathways is currently unclear. However, autocrine activation of the JAK/STAT pathway via cytokines that are secreted in response to LPA stimulation would be a plausible alternative explanation for our observations.
The observed morphological microglial responses in response to LPA are reminiscent of morphometric analyses of Iba-1-positive human microglia: primed gray and white matter microglia have an average twofold increase in the cell surface area as compared to their ramified counterparts [85] . We found that LPA induces chemokinetic and chemotactic microglial migration, reaching maximum values at 1 μM LPA. Higher concentrations could not induce a migratory response. It is possible that at higher concentrations, alternative signaling pathways are activated. It has been reported that at concentrations ≥ 3 μM, LPA led to increased [Ca 2+ ] c signals and metabolic activity in mouse microglial cells [86] . Microglial migration was blunted by CRT0066101. In PMM, PKD1 silencing had no effects on LPA-stimulated locomotion, while PKD2 silencing augmented this stimulatory effect. This is in line with the pro-migratory function of PKD2 in cancer [83, 87, 88] and endothelial cells [89] , and the fact that lysoPC induces monocyte migration in a PKD2-dependent manner [90] . The role of PKD3 was experimentally not addressed during the present study. Generally, PKD enzymes, dependent on activity level and stimulus, are modulators of cell Fig. 15 Inhibition of PKDs suppresses the LPA-induced pro-inflammatory phenotype. a Serum-starved BV-2 cells were treated with DMSO, DMSO plus LPA (1 μM), and LPA (1 μM) in the presence of CRT (1 μM) for 24 and 48 h. Cell lysates were collected, and expression of COX-2 and Arg-1 was analyzed by western blotting. One representative blot and the densitometric analysis (mean + SD) from three independent experiments are presented. b BV-2 cells were stained with PE-conjugated anti-CD40 (upper panel), APC-conjugated anti-CD86 (middle panel), or PE-conjugated anti-CD206 (lower panel) antibodies and analyzed using a Guava easyCyte 8 Millipore flow cytometer. Results from four independent experiments performed in triplicate are shown as mean value + SD. c Intracellular ROS levels generated in response to LPA by BV-2 cells were determined. Serum-starved cells were incubated with carboxy-H 2 DCFDA and treated with DMSO, DMSO plus LPA (1 μM), or LPA (1 μM) plus CRT (1 μM), and the fluorescence intensity was evaluated. Results (three independent experiments performed in triplicate) are presented as mean values + SD. d Serum-starved BV-2 cells were incubated with DMSO, DMSO plus LPA (1 μM), or LPA (1 μM) plus each inhibitor for the indicated times, and the production of NO was determined by measuring the total nitrate concentration in the supernatants. Data (two separate experiments performed in triplicate) are presented as mean values + SD. e CATH.a neurons were incubated for 24 h with conditioned media collected from DMSO or LPA-treated BV-2 cells cultured in the absence or presence of CRT (1 μM) for 24 h. LDH activity was determined in the neuronal supernatants after 24 h. Cytotoxicity was calculated according to the manufacturer's instructions (*p < 0.05, **p < 0.01, ***p < 0.001, compared to DMSO-treated cells; migration. In HeLa cells, decreased basal activity of PKD3 (resulting in decreased serine/threonine protein kinase PAK4 activity and cofilin hypophosphorylation), or increased activities of PKD2 and PKD3 (resulting in additional inhibition of protein phosphatase Slingshot homolog 1 SSH1L and cofilin hyperphosphorylation), directly inhibited cell migration [91] .
Increased chemokinesis and chemotaxis were accompanied by LPA-induced upregulation of Itga5, Itgav, Mmp9, Mmp14, Vasp, Wasf2, and Vegfa. All of these gene products play important roles in cell morphology, adhesion, migration, invasion, and angiogenesis, and all of them are under control of PKD-dependent pathways in other cellular systems: PKD1 phosphorylates rabaptin-5 in fibroblasts, a posttranslational event controlling α5β1 and αvβ3 recycling, thereby regulating cell migration [92] . In cancer cells, PKD2 represents a core factor in the formation of a multiprotein complex that controls secretion of MMPs from the trans-Golgi network [93] . The actin-associated protein Vasp is phosphorylated by PKD1 to increase filopodia formation in HeLa cells [74] . In microglia, Vasp phosphorylation induces membrane ruffling and chemotaxis [94] . The Wasf2 complex regulates lamellipodia formation and is under regulation of PKD1-mediated pathways in the pancreas and breast cancer cells [95] . Vegfa expression/ secretion by gastrointestinal tumor cells and Vegf- Fig. 16 Graphical summary of findings obtained during this study. Inflammatory levels of LPA increased the migratory response of microglia and promoted pro-inflammatory signaling via the LPAR5/PKD axis. Interference with this signaling axis reduced microglial migration, blunted microglial cytotoxicity, and abrogated the expression and secretion of pro-inflammatory mediators (the steps between LPAR5 and PKDs, MAPKs, and AKT activation are not shown since those parts of the pathways were not experimentally addressed during the present study) stimulated blood vessel formation is upregulated by PKD2 [44, 96] .
PKD isoforms are regulators of classical [97, 98] and extracellular vesicle-based [99] secretory pathways. This became evident in PKD2 −/− lymphoblasts showing significantly reduced secretion of IL-2 in response to T cell antigen receptor triggering [97] . In addition, exosome secretion is enhanced in a PKD1-dependent manner in T lymphocytes and is impaired in PKD2-deficient lymphoblasts and PKD1/PKD3 knockout B cells [99] . A proteome study in PKD2 −/− cytotoxic T cells revealed that PKD2 phosphorylates a number of downstream targets that are regulators of intracellular protein and vesicle trafficking pathways [100] . In line with these reports, we observed reduced secretion of cytokines from CRT0066101-treated microglia. Since LPA stimulates microvesicle release [101] and microglial cell-derived microvesicle cargo contains (pro)IL-1β and other parts of the inflammasome [102] , it will be intriguing to see whether the LPA/LPAR5/PKD axis is involved in microvesicle shedding during a neuroinflammatory response.
Microglial cell-induced neurotoxicity [103] may be mediated by the constant increased production of proinflammatory cytokines and chemokines, NO [104] , and ROS [105] . iNOS is not expressed in the healthy brain, but expression is induced in response to inflammatory mediators like LPS or cytokines. In microglia, upregulation of iNOS is proposed to be the leading source of NO production [106] . In response to iNOS upregulation, excess NO reacts with NADPH oxidase-derived O 2 − . This reaction results in the formation of the highly neurotoxic mediator peroxynitrite (ONOO − ) in BV-2 microglia [107] . We observed increased NO and ROS production in response to LPA treatment that was reduced in the presence of CRT0066101. Increased expression of these oxidative stressors has been suggested to have deleterious effects (e.g., cell membrane damage, lipid denaturation, changes in the inner proteins, diminished antioxidant capacity of neurons) and promote the pathogenesis of many diseases [105, 108] . Here, we observed that supernatants that were collected from LPA-treated BV-2 cells induced cytotoxicity towards CATH.a neurons that was blocked by CRT0066101. This is in line with decreased cytotoxicity of PKD2 −/− T lymphoblasts [99] . Emerging evidence supports the fact that glioblastoma cells exert a significant influence on microglia/ macrophages to hijack their antitumor functions [109, 110] and to develop strategies that facilitate a hostile takeover of these cells (reviewed in [111] ). Interestingly, in glioblastoma multiforme (GBM) (an incurable brain cancer entity [112] ), ATX is overexpressed [113] , and some of our findings in LPA-stimulated cells are reminiscent of what was reported for glioma-associated microglia [110, 114] . As observed, COX-2 (Ptgs2), IL-1β, and CCL5 are among the 25 highest upregulated genes in glioma-associated microglia/macrophages [114] . Upregulated IL-6 production in microglia stimulates glioma invasiveness, and it was suggested that the CCL2/CCR2/IL-6 loop represents a potential target to interfere with glioma invasion [115] . Glioma-derived versican converts microglia into a pro-tumorigenic phenotype characterized by the upregulation of MMP9 and MMP14 (as observed here in response to LPA); in particular, MMP14 promotes activation of GBM-derived MMP2 that favors the invasive potential of malign glioblastoma cells [110] . Considering that interference with PKD activity inhibits GBM growth in vitro and in vivo [81] , this target could hold promise to interfere with GBM progression and reprogram the tumor microenvironment. This is substantiated by findings from the present study where CRT0066101 inhibited LPA-mediated secretion of pro-tumorigenic chemokines/cytokines, MMPs, and expression of pro-angiogenic Vegfa.
Conclusions
In the present study, we show that inflammatory LPA levels increased the migratory response of microglia and promoted a pro-inflammatory phenotype. Here, we demonstrate that this phenotype is induced via the LPAR5/PKD axis. Interference with this signaling cascade (using the pharmacological antagonists TCLPA5 and CRT0066101 or shRNA specific for PKD2) reduced microglial migration, blunted microglial cytotoxicity, and abrogated the expression and secretion of pro-inflammatory mediators. Our results (graphically summarized in Fig. 16 ) are a critical step towards a better understanding of LPA-mediated effects on the immune cells of the CNS and can foster the study of LPA signaling and its impact on microglial function in the diseased brain. Interference with various members of the LPA pathway, depending on the context of disease, may unravel potentially new targets to modulate neuroinflammation that have so far not been considered.
Additional files
Additional file 1: Figure S1 . LPAR5 controls LPA-mediated downstream signaling. (A) BV-2 microglia cells were cultured in 6-well plates and serum-starved overnight. The cells were preincubated with TCLPA5 (5 μM) for the indicated times and then incubated with LPA (1 μM) or LPA (1 μM) plus TCLPA5. Cells incubated only with 0.1% BSA or TCLPA5 (5 μM) were used as negative control. The phosphorylation states of PKDs, JNK, AKT, ERK1/2, and p38 were detected using western blotting. 
